INTRODUCTION {#sec0005}
============

Alzheimer's disease (AD) is the most prevalent form of dementia in elderly people. AD is an age-dependent neurodegenerative disorder characterized by neuronal loss and the accumulation of neurotoxic amyloid-*β* (A*β*) as amyloid plaques, and of paired helical filaments as neurofibrillary tangles (NFTs) in the brain \[[@ref001]\]. Oxidative stress is a process induced by an imbalance in the redox state, involving excess free radical generation or the dysfunction of the antioxidant system \[[@ref003]\]. Extensive evidence from experimental models and human brain studies suggests a key role of oxidative stress in the development and progression of AD pathology \[[@ref004]\]. Increased lipid peroxidation, protein oxidation, and DNA oxidation have been reported in the brain, cerebrospinal fluid (CSF), and plasma of AD patients. Enhanced oxidative damage has also been demonstrated in the brains and blood of patients with mild cognitive impairment (MCI) and in CSF from subjects with early signs of dementia \[[@ref010]\]. Several studies have suggested that A*β*-induced oxidative stress is involved in the synaptic impairment and neuronal loss in AD \[[@ref016]\]. A*β* has been reported to increase the levels of free radicals, i.e., reactive oxygen species (ROS), hydrogen peroxide, and lipid peroxides, in various cell lines and AD transgenic mice.

Recent studies from our group and others have suggested that walnuts in the diet may improve cognitive function in normal individuals and in AD \[[@ref020]\]. We have reported beneficial effects of walnut-enriched diet on memory, learning skills, motor coordination, locomotor activity, and anxiety in the Tg2576 transgenic mouse model of AD (AD-tg) \[[@ref023]\]. In an *in vitro* study, walnut extract also inhibited the fibrillization of synthetic A*β* and solubilized preformed A*β* fibrils \[[@ref024]\]. In two independent PREDIMED (Prevención con Dieta Mediterránea) clinical trials, adult participants on a Mediterranean diet supplemented with mixed nuts (15 g walnuts, 7.5 g almonds, and 7.5 g hazelnuts) showed significant improvement in memory relative to baseline, and better cognitive function than the low-fat control group \[[@ref025]\]. In another study, long-term higher intake of nuts (particularly walnuts) was associated with better cognitive performance in older women \[[@ref027]\]. The National Health and Nutrition Examination Study (NHANES) also showed a positive association between walnuts consumption and cognition scores in adults \[[@ref028]\].

The exact mechanism by which diet with walnuts can help to reduce the risk of dementia or slow the onset or progression of the AD is not known. Walnuts (*Juglans regia* L.) are rich in components with antioxidant and anti-inflammatory properties. They are an excellent source of *α*-linolenic acid (plant-based omega-3 fatty acid) and antioxidants such as flavonoids, phenolic acid (ellagic acid), melatonin, gamma tocopherol (vitamin E), melatonin, and selenium \[[@ref029]\]. In terms of antioxidant content, walnuts ranked second when 1,113 different food items were tested \[[@ref031]\]. Among nuts, walnuts exhibited the best antioxidant efficiency and the highest phenolic content, followed by almonds and cashew nuts \[[@ref035]\]. In our previous *in vitro* study with PC12 cells, walnut extract showed a protective effect against A*β*-induced cell death by reducing ROS generation and oxidative stress, inhibiting membrane damage, and attenuating DNA damage \[[@ref036]\].

A*β* is generated in both brain and peripheral tissues. A recent report has suggested that blood-derived A*β* can enter the brain and induce A*β*-related pathology and functional deficits of neurons \[[@ref037]\]. Substantial evidence supports the importance of the liver in the development of AD. Sutcliffe and colleagues have suggested the liver as the source of A*β* that deposits as plaques in the brain \[[@ref038]\]. They reported that the *Psen2* gene encoding presenilin 2, a component of the *γ*-secretase, which is involved in A*β* generation is heritable in the liver but not in the brain. Higher expression of presenilin2 in the liver correlated with higher accumulation of A*β* in the brain and development of AD pathology. In their study, peripheral reduction of A*β* in mice could reduce A*β* accumulation in the brains \[[@ref038]\]. Furthermore, non-alcoholic fatty liver disease has been reported to induce AD in wild-type mice and accelerate pathological signs of AD in AD-tg mice \[[@ref039]\]. These reports suggest that significant concentrations of A*β* originate in the liver, circulate in the blood, and enter the brain. To understand the mechanism of the beneficial effects of dietary walnuts to reduce the risk of dementia and AD, the present study was designed to investigate whether dietary supplementation of walnuts (6% or 9%, equivalent to recommended daily intake of 1 or 1.5 oz, respectively, in humans) can reduce oxidative damage and/or improve antioxidant status, thus reducing oxidative stress in the liver of Tg2576 transgenic mouse model of AD.

MATERIALS AND METHODS {#sec0010}
=====================

Animals {#sec0015}
-------

Sixty-six transgenic (tg) female mice (B6: SJL-tg (A*β*PPSWE) 2576Kha) with Swedish double mutations K670N and M671L of A*β* protein precursor (A*β*PP) (hemizygous model \# 001349- T-F) and twenty wild-type (Wt) mice (model \# 001349-W-F) at the age of 11 weeks were purchased from Taconic Farms, Inc., Germantown, NY. Wt mice were littermate controls that were produced in the same litters as the tg mice but did not carry any manipulated gene of interest. The study was conducted with only female mice because premature mortality and aggressiveness have been reported to be lower in this line of female tg mice compared to male tg mice. The mice were housed separately, one in each cage in a temperature-controlled room (25±2°C) in our Institute's animal colony. During acclimatization period of 5 weeks, all the animals were fed with Taconic \#31 diet. From the age of four months, mice were fed a control diet with or without walnuts and water *ad libitum.*

Experimental design {#sec0020}
-------------------

Animal studies were conducted according to the project approved by the Institutional Animal Care and Use Committee of the New York State Institute for Basic Research in Developmental Disabilities. Sixty-six AD-tg mice were randomly divided into three groups: T0, T6, and T9. From 4 months of age, AD-tg (T6 and T9) mice were fed with diets containing 6% or 9% (w/w) walnuts, i.e., equivalent to 1 or 1.5 oz, respectively, recommended daily intake of walnuts in human, whereas the control groups, Tg mice (T0) and Wt, were fed with control diet AIN-93G (TD.94045) for 5, 10, or 15 months. The experimental diets were custom-made in pellet form by adding 6% or 9% walnuts to AIN-93G (w/w) (Harlan Sprague Dawley Inc., Madison, WI). The detailed position and its nutritional facts were described in our previous study \[[@ref023]\]. In brief, the diets for the experimental and control mice were comparable in the contents of protein (17.7%), carbohydrate (60%), and fat (7.2%) as well as the total calorie intake (protein: 18.8 Kcal %, carbohydrate: 63.9 Kcal %, and fat: 17.3 Kcal %). These animals were sacrificed under anesthesia at different time periods, i.e., before the initiation of diet with walnuts (age: 4 months) and after 5, 10, and 15 months of dietary supplementation with walnuts (at 9, 14, and 19 months of age, respectively). The number of animals in each group (Wt, T0, T6 and T9) of different ages was 5-6. The tissue samples were separated and stored at -- 80°C until further analysis. The oxidative stress markers were examined in the liver tissues of Wt and AD-tg mice before initiation of walnut diet (age: 4 months) and after supplementation with 6% or 9% walnut diet for 5 months (age: 9 months), 10 months (age: 14 months), and 15 months (age: 19 months).

Free radicals, i.e., ROS assay {#sec0025}
------------------------------

ROS levels were measured in the liver tissues of Wt, T0, T6, and T9 mice (ages: 4, 9, 14, or 19 months) by using the fluorescent dye 2',7'-dichloro-dihydrofluorescein diacetate (DCFH-DA) \[[@ref040]\]. DCFH-DA is a non-ionic dye that crosses the cell membrane, where it is deacetylated to fluorescent DCFH by the intracellular esterases. In the presence of ROS, DCFH converts to the highly fluorescent 2',7'-dichlorofluorescein (DCF). The DCF fluorescence intensity is proportional to the amount of ROS. Briefly, 50 mg of liver tissues were homogenized in 1 ml of phosphate buffer saline (PBS), pH 7.0. The liver homogenates were centrifuged at 10,000×*g* for 15 min at 4°C. To 10*μ*l of supernatants (containing 10*μ*g of protein), 190*μ*l of 1.25 mM DCFH-DA in methanol was added to the wells (96-well dark plate). All samples were incubated at 37°C in dark for 15 min. The fluorescence of the samples was measured at an excitation wavelength of 488 nm and an emission wavelength of 525 nm, using the Spectra-max M5 multi-mode microplate reader (Molecular Devices, CA). The ROS levels are expressed as arbitrary fluorescence unit/mg protein.

Lipid peroxidation assay {#sec0030}
------------------------

Lipid peroxidation was assessed by measuring the levels of malondialdehyde (MDA), an end-product and marker of lipid peroxidation. One hundred mg of liver tissues of Wt and AD-tg mice were homogenized in 2 ml of phosphate buffer (pH 7.0). To 0.5 ml of liver homogenates (containing ∼5 mg of protein), 0.5 ml of trichloroacetic acid (10%) and 2 ml of thiobarbituric acid (TBA) mixture were added. The TBA mixture contained 0.35% TBA, 0.2% sodium dodecyl sulfate, 0.05 mM FeCl~3~, and butylated hydroxytoluene in glycine-HCl buffer (100 mM, pH 3.6). All samples were kept in boiling water bath for 30 min and then allowed to cool. The samples were centrifuged at 8,000×*g* for 10 min, and the absorbance of the supernatants was measured at 532 nm. The MDA content was calculated by using the molar extinction co-efficient of 1.56×10^5^ M^--1^ cm^--1^. MDA levels are expressed as nmol/mg protein \[[@ref041]\].

Protein oxidation assay {#sec0035}
-----------------------

Protein oxidation was measured as protein carbonyl content, a marker of protein oxidation. The protein carbonyl content in the liver tissues of Wt, T0, T6, and T9 mice (different ages) was estimated by using a protein carbonyl assay kit as per manufacturer's instructions (BioVision, Milpitas, CA). The protein carbonyl content was calculated by using a molar extinction co-efficient of 22 mM^--1^ cm^--1^, and the values are expressed as nmol/mg protein.

Estimation of antioxidant enzyme activities {#sec0040}
-------------------------------------------

### Superoxide dismutase (SOD) {#sec0045}

The activity of SOD was assayed by using its inhibitory action on quercetin oxidation \[[@ref042]\]. Briefly, the reaction mixture contained 30 mM Tris-HCl buffer (pH 9.1), 0.5 m EDTA, 50 mM N,N,N',N'-tetramethylethylenediamine (TEMED), 0.05 mM quercetin, and 10*μ*l soluble liver extract (containing 10*μ*g of protein). The reaction was monitored at an absorbance of 406 nm for 10 min. One unit of SOD activity was defined as the amount of SOD enzyme (per mg of protein) that inhibits quercetin oxidation reaction by 50% of maximal value.

### Catalase (CAT) {#sec0050}

Catalase activity was assayed using the method of Aebi \[[@ref043]\]. Briefly, 1 ml of the reaction mixture containing 50*μ*l of soluble liver extract (containing ∼5*μ*g of protein) was mixed with 900*μ*l of phosphate buffer (0.1 M, pH 7.0) and 50*μ*l of H~2~O~2~ (8.8 mM). The decrease in absorbance at 240 nm was measured for 3 min at room temperature. The catalase enzyme activity was determined by using a molar extinction coefficient of 43.6 M^--1^ cm^--1^. Catalase activity is expressed as nmol H~2~O~2~ degraded/min/mg protein.

### Glutathione peroxidase activity {#sec0055}

Glutathione peroxidase (GPx) activity was determined by using the substrate t-butyl hydroperoxide (tbHP) as described by Flohé and Günzler \[[@ref044]\]. Briefly, 10*μ*l soluble liver extract was added to 180*μ*l reaction mixture \[containing phosphate buffer (0.1 M; pH 7.4), EDTA (0.5 mM), glutathione reductase (0.24 U), glutathione (1 mM), and NADPH (0.15 mM)\] and incubated at 37ºC for 1 min. The reaction was initiated by the addition of 10*μ*l tbHP (0.12 mM). The change in absorbance was monitored at 340 nm for 5 min. An extinction coefficient of 6.22×10^3^ M^--1^ cm^--1^ was used to determine GPx activity, which is expressed as nmol NADPH oxidized/min/mg protein.

Protein estimation {#sec0060}
------------------

Protein content in the supernatants of liver homogenates of the mice was measured by Bradford's method, by using bovine serum albumin as a standard \[[@ref045]\].

Statistical analysis {#sec0065}
--------------------

The data are expressed as mean±standard error of mean (SEM). The statistical comparison was done within T0 group of mice at different ages (4, 9, 14, and 19 months) and between different groups of mice of the same age. Data were analyzed by one-way ANOVA followed by Tukey's *post hoc* test using GraphPad Prism 5.0 software. Differences at *p* \< 0.05 were considered significant.

RESULTS {#sec0070}
=======

Effect of diet with walnuts on ROS levels in AD-tg mice {#sec0075}
-------------------------------------------------------

As shown in [Fig. 1](#jad-64-jad180361-g001){ref-type="fig"}, AD-tg mice on the control diet (T0) showed a progressive increase in ROS levels with age in comparison with the 4-month-old T0 group (*p* \< 0.001) and with Wt mice in same age group (*p* \< 0.001). The AD-tg mice on diets supplemented with 6% or 9% walnuts (T6 and T9) for 10 and 15 months (i.e., until the ages of 14 and 19 months) showed a significant decrease in ROS levels compared to T0 mice (*p* \< 0.001). However, after 5 months of walnut supplementation (until the age of 9 months), only the T9 group showed significantly lower ROS levels than T0 (*p* \< 0.05). At the ages of 14 and 19 months, diet with 9% walnuts showed significantly lower ROS levels compared to 6% -walnut diet (*p* \< 0.05).

![Effect of dietary walnut supplementation on ROS levels in AD-tg mice. Diet with walnuts was fed to AD-tg mice from the age of 4 months for a period of 5, 10, or 15 months, i.e., until the age of 9, 14, or 19 months. ROS levels in the liver homogenates were measured as DCF fluorescence in arbitrary unit/mg protein. Data are represented as the mean ± SEM. Wild-type mice on control diet (Wt), AD-tg on control diet (T0), and AD-tg mice on diet containing 6% walnuts (T6) and 9% walnuts (T9). ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001.](jad-64-jad180361-g001){#jad-64-jad180361-g001}

Effect of walnut supplementation in the diet on lipid peroxidation in AD-tg mice {#sec0080}
--------------------------------------------------------------------------------

[Figure 2](#jad-64-jad180361-g002){ref-type="fig"} presents the data on lipid peroxidation assessed by estimating the levels of MDA in Wt, T0, T6, and T9 mice. AD-tg mice on the control diet (T0) (age: 9, 14, and 19 months) showed an age-dependent increase in lipid peroxidation as compared with 4-month-old T0 mice (*p* \< 0.001) and Wt mice of the same age (*p* \< 0.001). AD-tg mice on the 6% or 9% walnut diet (T6 and T9) showed a significant decrease in lipid peroxidation compared to T0 mice at all ages (9 months, *p* \< 0.01 with T6, *p* \< 0.001 with T9; 14 months, *p* \< 0.001; and 19 months, *p* \< 0.001). With long-term supplementation of walnuts for 10 and 15 months, the effect of 9% walnuts was greater than that of 6% walnuts (*p* \< 0.001), but their effects were similar after short-term walnut supplementation for 5 months.

![Effect of dietary walnut supplementation on lipid peroxidation in AD-tg mice. Lipid peroxidation was measured by estimating the levels of MDA, an end-product of lipid peroxidation in the liver homogenates. Diet with walnuts was fed to AD-tg mice from the age of 4 months for a period of 5, 10, or 15 months, i.e., until the age of 9, 14, or 19 months. Data are represented as the mean±SEM. Wild-type mice on control diet (Wt), AD-tg on control diet (T0), and AD-tg mice on diet containing 6% walnuts (T6) and 9% walnuts (T9). ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001.](jad-64-jad180361-g002){#jad-64-jad180361-g002}

Effect of walnut supplementation in the diet on protein oxidation in AD-tg mice {#sec0085}
-------------------------------------------------------------------------------

Protein oxidation was measured as protein carbonyl content in Wt, T0, T6, and T9 mice, and the data are presented in [Fig. 3](#jad-64-jad180361-g003){ref-type="fig"}. AD-tg mice on the control diet (T0) showed an age-dependent increase in protein carbonyl content at 9 (*p* \< 0.01), 14 (*p* \< 0.001), and 19 months (*p* \< 0.001) of age in comparison with 4-month-old T0 mice and their respective Wt mice of same age group. AD-tg mice on diet with 6% or 9% walnuts (T6 and T9) for 10 or 15 months (14 and 19 months of age) showed a significant decrease in oxidation of proteins compared to T0 mice (*p* \< 0.001). Although protein oxidation also decreased in T6 and T9 mice compared to T0 after 5 months of walnut supplementation (age: 9 months), it was not a significant difference.

![Effect of dietary walnut supplementation on protein oxidation in AD-tg mice. Protein oxidation was assessed as protein carbonyl content in the liver tissues. Diet with walnuts was fed to AD-tg mice from the age of 4 months for a period of 5, 10, or 15 months, i.e., until the age of 9, 14, or 19 months. Data are represented as the mean±SEM. Wild-type mice on control diet (Wt), AD-tg on control diet (T0), and AD-tg mice on diet containing 6% walnuts (T6) and 9% walnuts (T9). ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001.](jad-64-jad180361-g003){#jad-64-jad180361-g003}

Effect of walnut supplementation on superoxide dismutase activity {#sec0090}
-----------------------------------------------------------------

As shown in [Fig. 4A](#jad-64-jad180361-g004){ref-type="fig"}, SOD activity decreased with increasing age in AD-tg mice on a control diet (T0) in comparison with the 4-month-old T0 group (*p* \< 0.01, age: 14 months; *p* \< 0.001, age: 19 months) and with the respective Wt mice of the same age group (*p* \< 0.001). The AD-tg mice supplemented with the diets containing 6% or 9% walnuts (T6 and T9) long-term, i.e., 10 and 15 months (until age of 14 and 19 months) showed a significant increase in SOD activity compared to T0 mice (*p* \< 0.001). SOD activity was similar between these groups at 9 months of age after 5 months' dietary supplementation with walnuts. In 19-month-old AD-tg mice, the effect of T9 diet was greater than that of T6 diet (*p* \< 0.01).

![Effect of walnut supplementation on antioxidant enzymes' activities in AD-tg mice. (A) Superoxide dismutase (SOD), (B) catalase (CAT), and (C) glutathione peroxidase (GPx). Diet with walnuts was fed to AD-tg mice from the age of 4 months for a period of 5, 10, or 15 months, i.e., until the age of 9, 14, or 19 months. Data are represented as the mean±SEM. Wild-type mice on control diet (Wt), AD-tg on control diet (T0), and AD-tg mice on diet containing 6% walnuts (T6) and 9% walnuts (T9). ^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, and ^\*\*\*^*p* \< 0.001.](jad-64-jad180361-g004){#jad-64-jad180361-g004}

Effect of walnut supplementation on catalase activity {#sec0095}
-----------------------------------------------------

Our results elucidated that AD-tg mice on the control diet (T0) showed progressive decrease in activity of catalase with age in comparison with the 4-month-old T0 group and with their respective Wt group mice of the same age (9 months, *p* \< 0.01; 14 months, *p* \< 0.001; and 19 months*, p* \< 0.001) ([Fig. 4B](#jad-64-jad180361-g004){ref-type="fig"}). The AD-tg mice supplemented with the diets containing 6% or 9% walnuts (T6 and T9) showed a significant increase in catalase activity compared to the AD-tg mice on the control diet (T0) at the age of 14 months (T6, *p* \< 0.01; T9, *p* \< 0.001) and 19 months (T6 and T9, *p* \< 0.001). There was no significant difference between the T0, T6, and T9 groups after 5 months of supplementation with walnuts in the diet (age: 9 months). Also, catalase activity with 6% and 9% walnut-enriched diets was similar.

Effect of walnut supplementation on glutathione peroxidase activity {#sec0100}
-------------------------------------------------------------------

As shown in [Fig. 4C](#jad-64-jad180361-g004){ref-type="fig"}, AD-tg mice on the control diet (T0) showed progressive decrease in GPx activity with age (14 months, *p* \< 0.001; and 19 months, *p* \< 0.001) in comparison with the 4-month-old T0 group and with their respective Wt group mice of the same age. The AD-tg mice supplemented with the diets containing 6% or 9% walnuts (T6 and T9) showed a significant increase in GPx activity compared to the AD-tg mice on the control diet (T0) at the age of 14 months (*p* \< 0.05) and 19 months (*p* \< 0.001) ([Fig. 4C](#jad-64-jad180361-g004){ref-type="fig"}). There was no significant difference between the T0, T6, and T9 groups after 5 months of supplementation with walnuts in the diet (until the age of 14 months). Also, GPx activity with 6% and 9% walnut-enriched diets was similar.

DISCUSSION {#sec0105}
==========

The neuropathological changes associated with AD evolve gradually over decades before the clinical symptoms become evident in affected subjects \[[@ref010]\]. Several *in vitro* studies have shown that A*β* exhibits cytotoxic properties by producing ROS and inducing oxidative stress, which causes oxidative damage of lipids, proteins, and nucleic acids as an important event in AD pathology \[[@ref016]\]. Our results showed a progressive increase in oxidative stress markers with increasing age in the Tg2576 transgenic mouse model of AD. These findings support the free radical theory of aging, which postulates increased accumulation of free radicals with age. A*β* synthesis and secretion increase under conditions of oxidative stress and contribute to AD pathology \[[@ref046]\]. Evidence also exists that ROS generation increases with A*β* and NFT pathology in AD, thereby creating a vicious cycle of ROS generation that far exceeds the antioxidant defense system \[[@ref047]\].

It is interesting that age-dependent increase in oxidative stress markers from 4 to 19 months of age in the liver of Tg2576 transgenic mouse model of AD observed in present study matched quite well with age of increase in amyloid accumulation in the brain of these AD-tg mice that was previously reported by Kawarabayashi et al. \[[@ref048]\]. These authors observed appearance and subsequent increase of insoluble A*β* in the brain beginning at 6-7 months of age in these AD-tg mice. However, at 10 months of age, minimal histological evidence of A*β* deposition in the brain (only isolated A*β* plaque cores in few sections) was observed. From 10 to 21 months, there was a rapid increase in both diffuse plaques and neuritic plaques with amyloid cores in the brains of these mice, rising to the levels like those observed in the brain of AD patients. Together, our results of the present study and above report \[[@ref048]\] support a relationship between age-dependent increase in oxidative stress and amyloid accumulation in AD-tg mice.

The recommended daily serving of walnuts is 1--1.5 oz, which equals 6--10 walnuts. Dietary supplementation with walnuts both at 6% and 9% concentration (equivalent to 1 and 1.5 oz/day in humans) in AD-tg mice significantly decreased the levels of free radicals. This may be because polyphenols, flavonoids, vitamin E, and other antioxidant components present in walnuts can serve as natural antioxidants \[[@ref029]\]. The polyphenols in walnut husks include chlorogenic acid, ferulic acid, gallic acid, ellagic acid, caffeic acid, protocatechuic acid, sinapic acid, syringic acid, vanillic acid, catechin, epicatechin, myricetin, and juglone, and walnut leaves have 3- and 5-caffeoylquinic acids, 3- and 4-*p*-coumaroylquinic acids, *p*-coumaric acid, quercetin 3-galactoside, quercetin 3-arabinoside, quercetin 3-xyloside, quercetin 3-pentoside derivative, and quercetin 3-rhamnoside \[[@ref049]\].

ROS are highly unstable and easily react with proteins, lipids, and nucleic acids. Lipids are an ideal target for free radical attack and have a crucial role in initiation and propagation of the cascade of reactions that yield many secondary products of lipid oxidation such as hydroperoxides, endoperoxides, and oxysterols. These molecules undergo fragmentation to produce a broad range of reactive carbonyl intermediates such as *α*, *β*-unsaturated aldehydes (4-HNE, acrolein), di-aldehydes (MDA, glyoxal), and keto-aldehydes (4-oxo-trans-2-nonenal, isoketals), which are responsible for extensive cellular damage. In the present study, lipid peroxidation progressively increased with age in AD-tg mice. These findings corroborate previous reports showing increased lipid peroxidation in the brains of patients with AD compared to age-matched controls \[[@ref005]\]. In our study, AD-tg mice on diet containing 6% or 9% walnuts showed a significant decrease in lipid peroxidation compared to AD-tg mice on the control diet. Walnut supplementation has also been reported to decrease lipid peroxidation and improve learning and memory in hypercholesterolemia mice \[[@ref052]\].

ROS by itself or the molecules generated as end products of lipid peroxidation (HNE and MDA) can modify proteins to generate carbonyl derivatives. Carbonyl groups are introduced into proteins by oxidizing amino acid (arginine, lysine, proline, and threonine) or glutamyl residues, or from the peptide bonds cleavage via *α*-amidation pathway \[[@ref053]\]. The oxidative conversion of protein side-chains to reactive carbonyl or acylating moieties can result in abnormal protein cross-linking \[[@ref009]\]. Pathologic aggregation of proteins into fibrils is a characteristic feature of AD. Oxidative modifications cause crosslinking of covalent bonds of proteins, leading to insoluble fibril formation. In AD pathology, the formation of NFTs by protein aggregation and hyperphosphorylation of tau proteins into paired helical filaments is also linked with protein oxidation. Therefore, measurement of protein carbonyl content is considered a good biomarker for the extent of oxidative damage of proteins. In this study, protein oxidation measured as protein carbonyl content increased with age in AD-tg mice. Our findings support previous reports showing an increased rate of protein oxidation with age in rat liver \[[@ref054]\] and in the brains of patients with AD compared to age-matched controls \[[@ref005]\]. In the present study, dietary supplementation with walnuts (6% or 9%) in AD-tg mice resulted in a significant decrease in oxidation of proteins compared to the control diet. Our results in AD-tg mice also indicated that long-term supplementation with walnuts in the diet for 10 or 15 months had more beneficial effects in reducing ROS levels and oxidative damage to lipids and proteins than short-term walnut supplementation for 5 months.

Accumulation of ROS is controlled *in vivo* by a wide spectrum of non-enzymatic antioxidant systems (such as glutathione) and enzymatic antioxidant systems including SOD, catalase, and GPx. Many studies have shown alterations in the activities of antioxidant enzymes during oxidative stress, aging, and AD \[[@ref005]\]. In this study, we also observed a decrease in the activities of SOD, catalase, and GPx antioxidant enzymes in AD-tg mice. The AD-tg mice supplemented with the diets containing 6% or 9% walnuts for 10 or 15 months showed a significant increase in these antioxidant enzymatic activities compared to the AD-tg mice on the control diet. However, there was no significant effect of short-term (5 months) walnut supplementation on the activities of these enzymes, suggesting that long-term supplementation of walnuts in the diet is more beneficial in improving antioxidant status in AD. Shi and colleagues also reported that walnut supplementation increased SOD activity in the brain of hypercholesterolemia mice \[[@ref052]\]. A recent study showed that walnut supplementation significantly improved SOD, catalase, and GPx activity in scopolamine-induced, memory-impaired rats \[[@ref058]\]. Together, our findings suggest that supplementation with walnuts in the diet improved endogenous antioxidant function associated with removing accumulated ROS and improving the balance between ROS and antioxidants, thus reducing oxidative damage to lipids and proteins in AD-tg mice.

Oxidative stress and inflammation are known to be prominent features not only in the aging process and AD but also in other neurological disorders, such as Parkinson's disease (PD), depression, schizophrenia, bipolar disorder, and autism. A recent study in a mouse model of PD showed that walnut extract protected neurons, inhibited oxidative stress, and improved PD symptoms, i.e., motor coordination, postural balance, and movement \[[@ref059]\]. Sánchez-Vilegas and colleagues analyzed data on depression among PREDIMED participants, who were on a Mediterranean diet supplemented with nuts and reported a lower rate of depression in these subjects \[[@ref060]\]. Furthermore, the risk of depression was 40% lower among diabetic people who had a nut-enriched Mediterranean diet. The incidence of stroke was also reduced by about 50% in subjects who were on a Mediterranean diet enriched with mixed nuts \[[@ref061]\]. In experimentally induced epilepsy in male rats, the dietary supplementation with walnuts showed anticonvulsant and neuroprotective effects and reduced mortality \[[@ref062]\]. Furthermore, other studies have suggested that walnuts in the diet can reduce the risk of cardiovascular diseases \[[@ref061]\], type 2 diabetes \[[@ref066]\], and cancers, including breast \[[@ref068]\], prostate \[[@ref071]\] and colon \[[@ref073]\] cancers. Together, these reports suggest potential benefits of dietary supplementation with walnuts, not only in neurological disorders, but also in other chronic diseases.

In conclusion, remarkable age-related increases in ROS levels, lipid peroxidation, and protein oxidation were found in the liver of AD-tg mice. In addition, we observed impaired activities of SOD, catalase, and GPX antioxidant enzymes in these mice. Long-term dietary supplementation with 6% or 9% walnuts significantly improved antioxidant status and decreased ROS levels, lipid peroxidation, and protein oxidation compared to the control diet. Therefore, dietary supplementation with walnuts may have a beneficial effect on oxidative stress, not only by scavenging free radicals generated, but also by protecting antioxidant status, thus leading to reduced oxidative damage to lipids and proteins. Because cognitive decline and dementia develop over many years, early intervention with walnut-enriched diet may help maintain cognitive function and may reduce the risk, or delay the onset and progression, of dementia by reducing oxidative damage and boosting antioxidant defense system. In addition, a diet with walnuts may provide beneficial effects in other brain disorders because of the cumulative effects of the components of walnuts to reduce oxidative stress and inflammation.
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